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Abstract: According to observational and model-based studies, the eastern Mediterranean region is
one of the most prominent climate-change hotspots in the world. The combined effect of warming
and drying is expected to augment the regional impacts of global warming. In addition to changes in
mean climatic conditions, global warming is likely to induce changes in several aspects of extreme
rainfall such as duration and magnitude. In this context, we explore the impact of climate change
on precipitation with the use of several indicators. We focus on Cyprus, a water-stressed island
located in the eastern Mediterranean Basin. Our results are derived from a new high-resolution
simulation for the 21st century, which is driven by a “business-as-usual” scenario. In addition to a
strong temperature increase (up to 4.1 °C), our analysis highlights that, on average for the island,
most extreme precipitation indicators decrease, suggesting a transition to much drier conditions. The
absolute daily rainfall maxima exhibit strong local variability, indicating the need for high resolution
simulations to understand the potential impacts on future flooding.

Keywords: climate change; Cyprus; Mediterranean; WRF; temperature; precipitation; dynamical
downscaling; extremes

1. Introduction

The broader region of the Mediterranean, and particularly the eastern part of the basin, is a
well-known climate change hotspot [1,2]. According to most future scenarios and climate projections,
a combined drying and warming is expected for the 21st century [3-7]. While the climate projections
for temperature are quite robust and their signal is significant, this is not the case for precipitation,
which is found to be mainly driven by internal climate variability [5,7]. The robustness of climate
models is even further reduced when extreme precipitation is considered. Nevertheless, a number of
studies have indicated that global warming induced changes in extreme rainfall are also expected,
while the signal of these changes could be larger or even opposite to the one for mean changes [8-12].

The very local nature of some precipitation events and the small scales involved in the rainfall
formation processes are common sources of climate models’” misinterpretations [13]. Therefore,
high-resolution regional climate simulations are essential for assessing changes in precipitation,
particularly for locations of high topography and complex coastlines that are common in the
Mediterranean. A better representation of extreme events by dynamical downscaling through
regional climate models is evident in a number of studies [14-17].

Cyprus, a water-stressed Mediterranean island located in the easternmost part of the basin, is
characterized by a temperate climate with hot and dry summers, while part of the island is classified
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as hot and arid, according to the Képpen—Geiger system [13,18]. The mean annual precipitation is
around 470 mm [19], while most of the water resources originate in the Troodos mountains which
cover nearly 30% of the island [20]. Over the last decades, the observed rainfall trends in this part of
the Mediterranean have mostly been negative [21-23].

A high number of regional climate simulations is available for the European continent
through the European contributions in the Coordinated Regional Downscaling Experiment
(EURO-CORDEX) [24,25]. Nevertheless, Cyprus is located very close to the boundaries of the
European simulation domain. This is expected to affect the climate simulations because many of the
weather systems that produce rainfall over the eastern Mediterranean are not sufficiently resolved in
the EURO-CORDEX domain (e.g., depressions approaching from north Africa or the active Red Sea
trough). Therefore, there is a strong need for additional simulations designed for a specific location
or application.

There is a very limited number of studies available in the literature that thoroughly discuss climate
change projections for Cyprus on a national or local level. Furthermore, these studies have either
considered the previous generation of global climate change scenarios [26-28] or focused on other
variables than precipitation [29].

In this respect and considering that the observed climate trends over Cyprus and the broader
region will likely continue or exacerbate during the 21st century [21-23,26-28], we present a new
high-resolution (12-km) regional climate simulation that is optimized for the representation of
precipitation extremes in the eastern Mediterranean environment. Thus, the objectives of this study
are (a) to explore the skill of a new high-resolution regional climate simulation in representing key
hydrometeorological variables for Cyprus and (b) to assess the local effect of climate change with a
focus on mean temperature and several aspects of precipitation. The new regional simulation is also
compared with an ensemble of 26 EURO-CORDEX simulations of the same resolution.

2. Methods and Data

2.1. Simulation Design

For the present study we performed an “in-house” regional climate simulation covering the eastern
Mediterranean during the period from 1981 to 2100. We used the Weather Research and Forecasting
(WRF) model [30] as a dynamical downscaling tool [31]. The 12-km simulation domain was centered
over Cyprus and is depicted in the top left panel of Figure 1. The model was optimized for simulating
precipitation in the study region and the configuration was similar to [13]. In terms of parameterization
schemes for sub-grid scale processes, our model setup included the Eta (Ferrier) microphysics (NOAA
2001), the rapid radiation transfer model short- and long-wave radiation [32], the Betts—Miller—Janjic
cumulus parameterization [33], the Mellor-Yamada-Janjic planetary boundary layer scheme [33],
in addition to the Noah Land Surface Model [34]. As initial and lateral boundary conditions, we
employed 6-hourly bias-adjusted output from the global CESM1 Earth System Model [35,36]. This type
of driving data, which have a global coverage and a horizontal resolution of 1.25°, is fully compatible
with WRE. Moreover, in order to prevent a decoupling between the global and regional simulations [37],
we applied a “weak” analysis nudging (nudging coefficients for U and V wind components: guv =
107>, for temperature: gt = 10, and for specific humidity: gq = 107°). The greenhouse gas forcing
followed the RCP8.5 “business-as-usual” future pathway [38].
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Figure 1. Extend of the simulation domain (top left), main topographic characteristics of the island of
Cyprus and location of weather stations.

2.2. Observational Data

For the evaluation of the model output we used a daily 1 x 1 km gridded dataset for precipitation
and temperature [19,39], hereafter called CY-OBS. This high-resolution dataset covers the period from
1980 to 2010 and it was derived from the statistical interpolation of a very dense network of weather
stations. Unfortunately, this dataset covers only the area of the island that is currently under the
jurisdiction of the Republic of Cyprus.

2.3. CORDEX Data

For comparison purposes, we have also explored data from the European initiative of the
Coordinated Regional Downscaling Experiment (EURO-CORDEX) [24]. Annual time-series of
temperature and precipitation were extracted for the region of Cyprus. In total, 26 EURO-CORDEX
simulations of 12-km horizontal resolution were considered (Table 1). Their range and ensemble
median were compared with our simulation. These EURO-CORDEX simulations were driven by the
RCP8.5 pathway.

2.4. Sub-Periods of Analysis

For our analysis we considered the 30-year period from 1981 to 2010 as our historical period. This
was used for a comparison with the gridded observations and as a reference period for calculating
future changes. For the future, we selected one 30-year period representative for the middle of the 21st
century (MID, 2031 to 2060) and one period representative for the climate conditions towards the end
of the 21st century (END, 2071 to 2100).
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Table 1. List of EURO-CORDEX simulations used for comparison (see ref. [40] for more details and
model abbreviations).

Driving Global Model Regional Climate Model
1. CNRM-CERFACS-CNRM-CMS5 (r1ilp1) CLMcom-CCLM4-8-17_v1
2. CNRM-CERFACS-CNRM-CMS5 (r1ilpl) CNRM-ALADIN63_v2
3. CNRM-CERFACS-CNRM-CMS5 (rlilp1) DMI-HIRHAMS5_v2
4. CNRM-CERFACS-CNRM-CMS5 (rlilp1) KNMI-RACMO22E_v2
5. CNRM-CERFACS-CNRM-CMS5 (rlilpl) RMIB-UGent-ALARO-0_v1
6. CNRM-CERFACS-CNRM-CMS5 (rlilp1) SMHI-RCA4_v1
7. ICHEC-EC-EARTH (r12ilp1) CLMcom-CCLM4-8-17_v1
8. ICHEC-EC-EARTH (r12i1p1) DMI-HIRHAMS5_v1
9. ICHEC-EC-EARTH (r12ilp1) KNMI-RACMO22E_v1
10. ICHEC-EC-EARTH (r12ilp1) SMHI-RCA4_v1
11. ICHEC-EC-EARTH (r3ilp1) KNMI-RACMO22E_v1
12. ICHEC-EC-EARTH (r3ilpl) SMHI-RCA4_v1
13. IPSL-IPSL-CM5A-MR (rlilp1) SMHI-RCA4_v1
14. MOHC-HadGEM2-ES (r1ilp1) CLMcom-CCLM4-8-17_v1
15. MOHC-HadGEM2-ES (rlilp1) MOHC_HadREM_v1
16. MOHC-HadGEM2-ES (r1ilp1) DMI-HIRHAMS5_v1
17. MOHC-HadGEM2-ES (r1ilp1) KNMI-RACMO22E_v2
18. MOHC-HadGEM2-ES (rlilp1) SMHI-RCA4_v1
19. MOHC-HadGEM2-ES (rlilp1) ICTP_RegCM4_v1
20. MPI-M-MPI-ESM-LR (r1ilp1) CLMcom-CCLM4-8-17_v1
21. MPI-M-MPI-ESM-LR (r1ilp1) MPI-CSC-REMO2009_v1
22. MPI-M-MPI-ESM-LR (rlilp1) SMHI-RCA4_v1
23. NCC-NorESM1-M (rlilp1) DMI-HIRHAMS5_v2
24. NCC-NorESM1-M (rlilp1) GERICS-REMO2015_v1
25. NCC-NorESM1-M (rlilpl) KNMI-RACMO22E_v1
26. NCC-NorESM1-M (r1ilp1) SMHI-RCA4 _v1

2.5. Indices of Precipitation

In addition to assessing annual temperature means and precipitation totals, we also explored
five indices of precipitation characteristics [41,42]. These are part of the list suggested by the World
Meteorological Organization’s Expert Team on Climate Change Detection and Indices (ETCCDI) and
are defined as follows:

e Consecutive dry days (CDD) and the greatest number of consecutive days with precipitation
lower than 1 mm, within a year;

e  Consecutive wet days (CWD) are the greatest number of consecutive days with precipitation
higher or equal to 1 mm, within a year;

e  Annual count of rainy days (RR1) is the annual count of days with observed rainfall greater than
1 mm;

e  Annual count of days with precipitation larger than 20 mm (R20);

e Highest five-day precipitation amount for each year (RX5D).

In addition, for the total length of each 30-year sub-period of analysis, we calculated the absolute
maximum daily precipitation (RXa) for both the observed records and the modeled rainfall. For the
quantitative evaluation of these precipitation indices, we regridded the 1 km observational dataset to
the 12 km model grid.

3. Results

3.1. Mean Climatic Conditions

The observed and modeled annual precipitation climatology for the 1981 to 2010 reference period
is presented in Table 2 and in the top panels of Figure 2. According to the CY-OBS gridded observations,
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the maximum amounts of rainfall was found in the peaks of the Troodos mountain. Locally, the 30-year
annual rainfall average exceeded 1000 mm. In contrast, near the coastal areas of the southeast and
in the inland areas of the Measoria Plain, the annual rainfall could be less than 300 mm. We found
the WRF simulation adequately reproduced the spatial patterns of rainfall, however, it tended to
underestimate its magnitude, particularly over the mountainous grid cells. This is somehow expected,
since in this 12 km simulation, the model elevation of the highest grid point did not exceed 850 m,
while in reality the peak of the Troodos mountains is much higher in altitude (1952 m). As a result,
the orographic effect on precipitation formation was underestimated.

Table 2. Observed (CY-OBS) and modeled Weather Research and Forecasting (WRF) values of mean
annual temperature (T), precipitation (P), consecutive dry days (CDD), consecutive wet days (CWD),
number of rainy days (RR1), maximum 5-day precipitation (R5D), number of days with precipitation
greater than 20 mm (R20), and absolute maximum daily rainfall (RXa) for the historical reference period
(1981 to 2010). The values represent means and ranges across the 51 12 km grid points, with the CY-OBS
grid points interpolated to the model’s grid.

TEC) P (mm) CDD CWD RR1 R5D R20 RXa
(days) (days) (days) (mm) (days) (mm)
Min 12.2 266 57 45 39 52.3 1.8 69
CY-OBS Mean 18.1 476 104.5 6 53.3 90.9 5.6 106
Max 19.6 928 146.2 8.1 74.9 166.8 14.1 202
Min 15.2 210 47.1 4.6 35.8 445 1.1 43
WRF Mean 18.9 379 112.2 59 51.8 66.7 3.5 85
Max 211 761 162.1 7.7 80.7 126.2 9.6 169
CY-0BS Annual Precipitation (1981-2010) WRF-CESM Annual Precipitation (1981-2010)
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Figure 2. Observed (top left) and simulated (top right) annual precipitation total for the period 1981 to
2010 and projected changes for the middle (bottom left) and end of the 21st century (bottom right).

For the future, the model simulation suggests a drier climatic regime for Cyprus (Figure 2 bottom
panels, Figure 3 and Table 3). Decreases in the range of 10% to 15%, with respect to the reference period,
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are projected for the middle of the 21st century. Under this “business-as-usual” pathway, changes of
precipitation are found much stronger (25% to 35%) towards the end of the century. This projected
decrease in rainfall, which is also evident in the time series of Figure 3, is expected to have a strong
impact on the water resources of the island, and thus is expected to cause serious implications for
several socioeconomic sectors. The thin line segments of Figure 3 represent the range and ensemble
median of the 26 EURO-CORDEX simulations. Interestingly, our regional simulation is found to be
within the EURO-CORDEX range for all sub-periods. However, it is found to be in the dry end of this
ensemble set.

WRFICESM/RCP8.5 Annual Precipitation: Cyprus

1981-2010
2031-2060
8 2071-2100 [ 8
~ ~
&8 2
_a-.m w
1
=3
(=] [=]
(=0 -
m ™
(=] — | [=]
=1 | | | =
1980 2000 2020 2040 2060 2080 2100

Figure 3. Simulated annual precipitation (grey), 5-year moving average (black), 30-year averages
(colored), and median and range of 26 EURO-CORDEX simulations (error bars), over Cyprus.

Table 3. Projected changes between the control reference period (CTL: 1981-2010) and each future
period (MID: 2031-2060 and END: 2071-2100) for mean annual temperature (T), precipitation (P),
consecutive dry days (CDD), consecutive wet days (CWD), number of rainy days (RR1), maximum
5-day precipitation (R5D), number of days with precipitation greater than 20 mm (R20) and absolute
maximum daily rainfall (RXa).

CDD CWD RR1 R5D R20 RXa

o o,
TCO P (%) (days) (days) (days) (mm) (days) (%)
WRE Min 1.4 -16.8 -84 -1.8 -9.8 -17.1 -1.6 —68.5
MID-CTL Mean 1.8 -11.5 4 -0.8 -6.8 -15 -0.1 -20.4
) Max 1.9 -1.5 16.7 0.3 —4.1 114 0.6 81.8
WRE Min 3 -359 3.5 -25 -21.7 -32.1 -2.5 -71.7
END-CTL Mean 3.7 -30.7 19.5 -1.3 -14.9 -11.3 -0.7 -12.9
) Max 41 -24.3 41.2 —-0.6 -11 5.5 0.3 88.1

The observed average annual temperature climatology according to CY-OBS is presented in the
top left panel of Figure 4. The spatial pattern of temperature follows the topography of Cyprus, with
higher temperatures (up to 20 °C) observed in the low-elevation coastal and inland parts of the island
and lower annual temperatures (12 °C) in the high-elevation regions of Troodos. Mean temperature
averaged over the historical period of our simulation is presented in the top right panel of Figure 4
and is summarized in Table 2. The spatial gradient is very similar to the observations; nevertheless,
the model seems to overestimate temperature. This overestimation, which is 0.8 °C on average across
the island, can be partly attributed to the misrepresentation of orography. As expected, it is found to
be of greater significance in the peaks of the Troodos mountains.

For the future temperature conditions and by the middle of the 21st century, the WRF simulations
project a warming in the range 1.5-2.0 °C, with respect to the historical reference period (Figure 4
bottom left panel). Under the investigated scenario, the warming for Cyprus is projected to exacerbate
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during the last decades of the century. In more detail, it is expected to exceed 4.0 °C for the central parts
of the island (Figures 4 and 5). The range of projected annual temperature changes is also summarized
in Table 3. Figure 5 reveals that the suggested temperature increase is found to be within the range of
the EURO-CORDEX simulations, which is indicated by the error bars.

CY-OBS Annual Temperature (1981-2010) WRF-CESM Annual Temperature (1081-2010)

50 km .- -
| . ] 3 —— Ll | ] [ T
g8 9 10 12 14 16 i8 20 22 8 9 10 12 14 16 18 20 22
WRF-CESM-RCP8.5 Annual Temperature Change WRF-CESM-RCP8.5 Annual Temperature Change
MID(2031:2060)-CTL(1981:2010) END{2071:2100)-CTL({1981:2010)

Figure 4. Observed (top left) and simulated (top right) average annual mean temperature for the
period 1981 to 2010 and projected changes for the middle (bottom left) and end of the 21st century

(bottom right).
WRF/CESM/RCP8.5 Annual Temperature: Cyprus
& 1981-2010 e
24 2031-2060 24
03 2071-2100 (-
22- il - Wl 22
G 7 21
20- ——MJ_’/—J} [ | - L 20
19 MV 19
18] ] = 18
17 17
16 B 16
1980 2000 2020 2040 2060 2080 2100

Figure 5. Simulated mean temperature (grey), 5-year moving average (black), 30-year averages
(colored), and median and range of 26 EURO-CORDEX simulations (error bars), over Cyprus.
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3.2. Precipitation Characteristics

3.2.1. Consecutive Dry Days (CDD)

The observed average number of maximum consecutive dry days (CDD) per year ranges from
50 to 60 days in the mountains to 130 to 150 days in most of the coastal areas (Table 2 and Figure 6
top left). For the historical reference period, the model is within the observed range for most of the
island (Table 2 and Figure 6 top right). The future projection for the period 2031 to 2060 indicates mild
increases in the range of five to ten additional days in the longest dry spells for most of the island
(Figure 6 bottom panels). For some dispersed grid cells the climate change signal has a different sign
and small decreases (up to eight fewer days) are simulated. Contrarily, strong increases in the length
of dry spells are expected by the end of the century (Table 3). Particularly for the south and east parts
of the island, the longest dry spells of the year are likely to be extended by four to six additional weeks.
This is expected to have a strong impact on water supply and agricultural activities particularly for
the extended dry period of the year. Additionally, in combination with the significant temperature
increases presented in the previous section it will also strongly affect sensitive ecosystems such as
forests and wetlands throughout the island.

CY-0BS CDD Index (1981-2010) WRF-CESM CDD Index (1981-2010)
CDD: Consecutive Dry Days CDD: Consecutive Dry Days
(dayslyear) (daystyear)

/r.\ 50 jon N . /h\ 50 km I .
[ B | |
40 60 B8O 100 120 140 160 180 200 40 60  BO 100 120 140 160 180 200
WRF-CESM-RCP8.5 CDD Index Change (dayslyear) WRF-CESM-RCP8.5 CDD Index Change (daysiyear)

MID(2031:2060)-CTL(1981:2010) END(2071:2100)-CTL(1981:2010)
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Figure 6. Observed (top left) and simulated (top right) maximum number of consecutive dry days per
year (CDD) for the period 1981 to 2010 and projected changes for the middle (bottom left) and end of
the 21st century (bottom right).

3.2.2. Consecutive Wet Days (CWD)

This index is of great importance when it comes to replenishing the underground and surface
water resources of the semi-arid parts of the island. Over the broader area of Cyprus, most of the
precipitation is related to wintertime baroclinic depressions that approach the island from the west and
are active over the region for a few days [43,44]. Therefore, the observed number of consecutive wet
days is higher in the western part of the island (six to eight days) and peaks over the western summits
of Troodos (Figure 7 top left). For this indicator, the WRF simulation effectively captures the Troodos
peaks and the southeastern part of Cyprus. However, it is found to underestimate the length of wet
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spells by one to three days in the western part of the island (Figure 7 top right). For the end of the 21st
century (2071 to 2100) the WRF simulation suggests a decrease of the maximum wet spell length by
one to three days (Table 2), with the most significant decrease in the central part of the island (Figure 7
bottom panels). For the 2031 to 2060 period, the signal of change is also mostly negative, however the
model suggests milder decreases (up to 1.8 days).

CY-OBS CWD Index (1981-2010) WRF-CESM CWD Index (1981-2010)

CWD: Consecutive Wet Days
(dayslyear)

CWD: Consecutive Wet Days
(dayslyear)

.f,;\ ,,N\

S0km N . S0kmEN N .

| I | B
3 35 4 45 5 55 6 65 7 75 8 B5 9 3 35 4 45 5 55 6 65 7 75 8 BS5 9
WRF-CESM-RCP8.5 CWD Index Change (dayslyear) WRF-CESM-RCPB8.5 CWD Index Change (dayslyear)

MID(2031:2060)-CTL(1981:2010)

END{2071:2100)-GTL{1981:2010)

H\ 50 fom W - -

3 2 1 o 1 3 2 1 0 1

Figure 7. Observed (top left) and simulated (top right) maximum number of consecutive wet days per
year (CWD) for the period 1981 to 2010 and projected changes for the middle (bottom left) and end of
the 21st century (bottom right).

3.2.3. Number of Rainy Days (RR1)

The number of rainy days per year, averaged for the historical reference period, ranges from
75 days in Troodos to less than 40 days in the drier east coast (Table 2 and Figure 8). The model
captures relatively well this west-to-east gradient and the observed range of rainy days per year. These
numbers are also projected to decrease in a warmer future (Figure 8 bottom panels). A reduction of
up to ten rainy days per year is expected by the middle of the 21st century. According to the tested
scenario, the decrease in the number of rainy days should continue towards the end of the century.
By 2100, Cyprus should likely experience 15 to 20 less days when precipitation occurs. The strongest
decreases are estimated for the central part of the island, which is the area that contributes most to the
water resources.

3.2.4. Maximum Five-Day Precipitation (RX5D)

This indicator is relevant for extreme rainfall events that could trigger flooding. The observed
gradient is quite strong, since the maximum five-day precipitation sum, averaged over the 30-year
period, ranges from about 170 mm in Troodos peaks to 50 mm in the lowland parts of the Mesaoria Plain
(Figure 9). The model simulation tends to underestimate these numbers by 20 to 40 mm throughout
the island (Table 2). The climate change signal for the middle of the 21st century is diverse (Figure 9
bottom panels and Table 3). On the one hand, for some locations, mainly in the west part of the
country, the model suggests a mild increase of this indicator (up to 10 mm). On the other hand,
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for other locations, mainly in the central and north east, the model suggests a mild decrease of the
same magnitude. The changes for the 2071 to 2100 period are projected to be much more pronounced.
The reduction of RX5D is likely to exceed 40 mm over the central parts of the island. For a small region
in the west tip of the island, the maximum five-day precipitation is projected to increase by 10 mm
even towards the end of the 21st century.

WRF-CESM RR1 Index (1981-2010)

RR1: Number of Rainy Days
(dayslyear)

CY-0BS RR1 Index (1981-2010)

RR1: Number of Rainy Days
(dayslyear)

50 km — - - f:'»\ 50 km — - -
[ e —— |

)rf

20 25 30 35 40 45 S50 55 60 65 VO V5 80

WRF-CESM-RCPB.5 RR1 Index Change (dayslyear)

20 25 30 35 40 45 S50 55 60 65 VO V5 80

WRF-CESM-RCP8.5 RR1 Index Change (daysl/year)

MID(2031:2060)-CTL(1981:2010)

END(2071:2100)-CTL(1981:2010)

-22 -20 -18 -16 -14 -12 -10 -8 -6 -4

Figure 8. Observed (top left) and simulated (top right) number of rainy days per year (RR1) for the
period 1981 to 2010 and projected changes for the middle (bottom left) and end of the 21st century

(bottom right).

CY-OBS RXS5D Index (1981-2010)

WRF-CESM RX5D Index (1981-2010)

RX5D: Maximum 5-day Precipitation {mm)

S0 km ..

RX5D: Maximum 5-day Precipitation {mm)

S0 km ..
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WRF-CESM-RCP8.5 RX5D Index Change (mm/5 days)
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WRF-CESM-RCP8.5 RX5D Index Change (mm/5 days)

MID(2031:2060)-CTL(1981:2010)
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END(2071:2100)-CTL(1981:2010)
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Figure 9. Observed (top left) and simulated (top right) maximum 5-day precipitation per year (RX5D)
for the period 1981 to 2010 and projected changes for the middle (bottom left) and end of the 21st
century (bottom right).
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3.2.5. Annual Count of Days with Heavy Precipitation (R20)

The heavy precipitation days are considered to be days with precipitation greater than 20 mm.
According to CY-OBS, this number ranges from two to 14 days per year with an average value of
5.6 days per year (Table 2 and Figure 10). The WRF model in this 12 km setup, tends to underestimate
these numbers up to five days. For the middle of the current century, the model simulation indicates a
general decrease in the number of heavy precipitation days, which is mostly evident in the central part
of the island (Figure 10 bottom left). This decrease is in the range of one to two days per year. This
decreasing signal becomes stronger and is extended throughout the island as we move towards the
end of the 21st century (Figure 10 bottom right).

3.2.6. Absolute Maxima of Daily Precipitation (RXa)

The top panels of Figure 11 depict the observed and modeled absolute 30-year maximum of daily
precipitation that were, respectively, recorded and simulated within the 1981 to 2010 historical reference
period. The observed values range from 70 to 200 mm with an average value across the island equal
to 100 mm (Table 2). Maximum amounts are mainly found in the Troodos mountains, nevertheless
other locations (e.g., northwest and southeast coasts) have also experienced very high amounts of daily
rainfall in the past. The model results fall within this range, however, the model tends to underestimate
the observed values by 20 mm, on average. The observations and the model both clearly show the
high variability of the occurrence of extreme precipitation events. This can also be seen in the future
30-year periods (Figure 11 bottom panels). Interestingly, and despite the strong drying trends for the
21st century, our simulation indicates that, for about 25% of the grid cells, the absolute 30-year daily
precipitation maximum is expected to increase (Figure 11 bottom panels). Thus, whereas, relative to
the period from 1981 to 2010, the average of the 30-year maximum precipitation over all grid cells is
projected to decrease by 20% from 2031 to 2060 and by 13% from 2071 to 2100, higher future extremes
can be expected at single grid cells. These increases can locally reach 80% of the absolute maximum
that was simulated for the control reference period (Table 3).

CY-OBS R20 Index (1981-2010) WRF-CESM R20 Index (1981-2010)

R20: Precipitation Days Exceeding 20mm R20: Precipitation Days Exceeding 20mm
(daysiyear)

(dayslyear)
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Figure 10. Observed (top left) and simulated (top right) number of heavy precipitation days per year
(R20) for the period 1981 to 2010 and projected changes for the middle (bottom left) and end of the 21st
century (bottom right).
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Figure 11. Observed (top left) and simulated (top right) absolute maximum daily precipitation per
sub-period (RXa) for the period 1981 to 2010 and projected changes (%) for the middle (bottom left)
and end of the 21st century (bottom right).

4. Discussion and Conclusions

In this study, we present a new high-resolution (12 km) simulation optimized for the simulation of
rainfall in the eastern Mediterranean. We compare this model output with a 1 km gridded observational
daily dataset for Cyprus. In general terms, our model is found to reasonably reproduce the spatial
characteristics of several precipitation indicators. Nonetheless, it tends to underestimate the quantities
of annual precipitation totals by 20% on average. This underestimation is also important when it comes
to indicators of extreme rainfall (e.g., RX5D and R20). This underestimation is most likely caused by
the representation of orography in this 12 km simulation, with the altitudes of the mountain grid cells
substantially lower than the observed elevations.

Future changes, under a “business-as-usual” pathway, were also assessed. Our simulation
suggests that the trends towards a drier and warmer climatic regime should continue throughout the
21st century. This becomes more evident towards the end of the century. Projected changes in several
precipitation characteristics also suggest a transition to harsher climatic conditions. Interestingly,
and in disagreement with global trends [8,10,45], the absolute 30-year daily precipitation extremes are
projected to decrease in four-fifths of the Cyprus grid cells by mid-century and in three-quarters of the
area by the end of the 21st century. This could have strong effects on future flood events and highlights
the need for a more thorough analysis of changes in extreme precipitation events.

The presented results are in general agreement with other studies for the eastern Mediterranean [4-7],
nevertheless, here we provide a higher level of detail for the region. Moreover, the range of changes for
Cyprus, presented in the current study, is within the range of previous studies for the island, which are,
however, driven by an outdated set of global climate models and scenarios.

Our analysis also indicates that, regardless of the small size of the island, the observed climatic
gradients are found to be quite important, a fact that supports the need for high-resolution simulations
in order to properly model the climate regime of Cyprus.
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The current results and the magnitude of projected changes are expected: (i) to convince policy and
decisions makers in considering more aggressive mitigation measures and (ii) to motivate stakeholders
in designing and implementing updated strategies for climate change adaptation. Such groups of
stakeholders might include water and energy management authorities and municipalities.

According to recent studies, there are strong indications that higher resolution,
convection-permitting simulations can improve the representation of extreme precipitation
events [13,46-48]. Nevertheless, these types of experiments are not yet widely applied for extended
areas or long-range climate simulations due to the heavy computational cost involved.

Large multimodel and multiscenario ensembles are expected to add value and provide a more
representative range of possible futures [7,49]. In this respect, downscaling of multiple global models
and future pathways or scenarios are needed.
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